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Abstract: Novel methylene-tethered tetrahydroquinolines (THQs) and cyclopenta[b ]pyridines were synthesized by one-
pot multicomponent reactions of Mannich bases, enolizable ketones, and NH4 OAc in water by an environmentally
friendly K-10 montmorillonite clay-catalyzed reaction. The cytotoxic activities of 1-(2-methyl-8-methylene-5,6,7,8-
tetrahydroquinolin-3-yl)ethanone (9a), ethyl 2-methyl-8-methylene-5,6,7,8-tetrahydroquinoline-3 carboxylate (9b), and
1-(2-methyl-7-methylene-6,7-dihydro-5H -cyclopenta[b ]pyridin-3-yl)ethanone (11a) were tested against rat glioblastoma
(C6), human breast cancer (MCF-7), prostate cancer (PC3), neuroblastoma (SH-SY5Y), and mouse fibroblast (L929)
cell lines in a concentration-dependent (50–300 µM) and time-dependent (24–72 h) manner and expressed as IC50 values.
The results showed that compound 9a induced the lowest IC50 values in all cell lines ranging from 111 ±1.1 µM to 128
±1.3 µM when compared to 9b and 11a after 72 h. As an evaluation of antibacterial properties, a swarming motility
assay was performed with the Pseudomonas aeruginosa PA01 strain and compound 9a showed higher inhibition of
swarming motility.

Key words: Tetrahydroquinolines, antitumor activity, Mannich base, green synthesis, multicomponent reaction, het-
eroaromatics

1. Introduction
Cancer is the second main cause of death worldwide [1]. A large number of studies have been devoted to exploring
new biologically active compounds as antitumor therapeutic agents to be used in chemotherapeutic drug
systems [2,3]. In this regard, the synthesis of new organic molecules for bioactivity evaluation or modification
studies on molecules creates a wide working area for synthetic chemists. In recent years, tetrahydroquinolines
(THQs) have been considered to be one of the pharmaceutical agents that have the greatest interest in
the chemistry of quinolines due to their broad biological and pharmacological activities [4–7]. The most
potent effects among a variety of pharmacological activities are exhibited by 1,2,3,4-THQs [8–12], such as
glucocorticoid receptor agonists [13], antagonists of vasopressin V2 receptor [14], and antitumor agents targeting
the colchicine site on tubulin [15]. A second type of THQ with the 5,6,7,8-THQ structure has appeared in
some reports in which their potential biopharmaceutical effects were evaluated [16–18]. Recently, 5,6,7,8-THQ
derivatives have been presented to act as anti-HIV-1 agents [19], anticancer agents [20], and antagonists against
∗Correspondence: bora.garipcan@boun.edu.tr
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metabotropic glutamate receptors (mGluRs) 1 (Figure 1), which play a crucial role in the prevention and control
of acute neurological disorders [21]. A recently published study illustrated that a wide variety of 5,6,7,8-THQ
derivatives have exhibited remarkable cytotoxic activity against human colon carcinoma HT29, hepatocellular
carcinoma HepG2, and Caucasian breast adenocarcinoma MCF-7 cells lines [22]. Furthermore, antiulcer and/or
antisecretory activities of a number of 5,6,7,8-THQ-8-nitriles, thioamides, and thiocarbamoylamines have been
reported [23,24]. Arylidine-tethered THQs 2 have found uses as inhibitors of both the synthesis of leukotrienes
and the action of lipoxygenase in mammalian metabolism (Figure 1) [25,26].

[25,26][21]

Figure 1. Biologically active 5,6,7,8-THQ derivatives.

As noted in the aforementioned reports, various pharmacological activities of 8-substituted-5,6,7,8-THQ
derivatives play a key role in medicinal chemistry. Therefore, synthesis of new methylene-tethered 5,6,7,8-
THQs is important for investigating their medicinal applications. The authors recently reported a new synthetic
approach for the synthesis of 2,3,6-trisubstituted pyridines and 5,6,7,8-THQs [27] and used them in this study for
the synthesis of new methylene-tethered THQs and cyclopenta[b ]pyridines. The retrosynthetic strategy given
in Figure 2 illustrates the synthesis of the target molecules. In this strategy, target molecules 6 were obtained
efficiently from K-10 montmorillonite clay-catalyzed multicomponent reactions (MCRs) of the Mannich base
enone precursors of 4 and 5, enolizable ketones 3, and NH4OAc with an environmentally friendly reaction
protocol. As part of our ongoing work on quinoline chemistry, we herein report a new approach for the
synthesis of new methylene-tethered THQs and cyclopenta[b ]pyridines to explore their cytotoxic effects on
rat glioblastoma (C6), human breast cancer (MCF-7), prostate cancer (PC3), neuroblastoma (SH-SY5Y), and
mouse fibroblast (L929) cell lines.

Figure 2. Retrosynthetic strategy for the synthesis of 5,6,7,8-THQs.
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2. Results and discussion
2.1. Chemistry

1-(2-Methyl-8-methylene-5,6,7,8-tetrahydroquinolin-3-yl)ethanone (9a), ethyl 2-methyl-8-methylene-5,6,7,8-
tetrahydroquinoline-3-carboxylate (9b), 1-(2-methyl-7-methylene-6,7-dihydro-5H -cyclopenta[b ]pyridin-3-yl)
ethanone (11a), and ethyl 2-methyl-7-methylene-6,7-dihydro-5H -cyclopenta[b ]pyridine-3-carboxylate (11b)
were synthesized according to the synthetic plan outlined in Figure 3. In this approach, Mannich bases 7
and 10 were used as 2,6-dimethylenecyclohexanone (5) and 2,5-dimethylenecyclopentanone (4) precursors,
respectively. It is commonly known that vinyl ketones are usually unstable and expensive materials [28,29].
Therefore, key components 2,6-dimethylenecyclohexanone and 2,5-dimethylenecyclopentanone were obtained in
situ from Mannich bases 7 and 10, which were easily prepared from commercially available starting materials
according to the methods reported in the literature [30].

 

°

°

Figure 3. Synthesis of 9a, 9b,11a, and 11b.

First, we considered the domino reaction of Mannich base 7, enolizable ketone 8a, and ammonia to
obtain 1-(2-methyl-8-methylene-5,6,7,8-tetrahydroquinolin-3-yl)ethanone (9a). The synthesis of 9a was easily
achieved starting from commercially available ketone 8a, Mannich base 7, and ammonia in the presence of the
environmentally friendly K-10 montmorillonite clay catalyst in water. The reaction produced desired product
9a with 64% yield. Ethyl 2-methyl-8-methylene-5,6,7,8-tetrahydroquinoline-3-carboxylate (9b) was synthesized
from the reaction of Mannich base 7, β -keto ester 8b, and ammonium acetate with 52% yield. The same
synthetic approach was used for the synthesis of 11a and 11b. One-pot MCRs of Mannich base 10, 8a, 8b,
and NH4OAc gave corresponding products 11a (62%) and 11b (50%), respectively. When pentane-2,4-dione
(8a) was used as an enolizable ketone, a second product (12) was isolated with 13% yield. A similar result
was observed for the formation of 9a; however, it formed in trace amounts. All products were purified by flash
column chromatography and characterized by 1H NMR, 13C NMR, and HRMS analyses.

2.2. Biology
In vitro cytotoxicity of synthesized compounds 9a, 9b, and 11a was investigated by using rat glioblastoma
(C6), human breast cancer (MCF-7), prostate cancer (PC3), neuroblastoma (SH-SY5Y), and mouse fibroblast
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(L929) cell lines under the same conditions using the MTT assay [31]. Due to its low solubility, compound 11b
could not be used in the cytotoxicity experiments. The cytotoxic activities of compounds 9a, 9b, and 11a were
tested in a concentration-dependent (50–300 µM) and time-dependent (24–72 h) manner and expressed as IC50

values (Table 1). The results showed that compound 9a has the lowest IC50 values for all cell lines, ranging
from 111 ±1.1 µM to 128 ±1.3 µM (Table 1), when compared to 9b and 11a after 72 h. The IC50 values
did not vary significantly depending on cell line for compound 9a. At the lower dose (50 µM) compound 9a
showed little or no cytotoxicity after 24 h for all cell lines. However, after 72 h, compound 9a decreased the
viability of all cell lines except SH-SY5Y. At a higher dose (300 µM), SH-SY5Y cells showed a rapid cytotoxic
response to compound 9a when compared to other cell lines. After 72 h, compound 9a at 300 µM concentration
significantly decreased the viability of all cell lines (Figure 4; Table 2).

At the lower dose (50 µM) compound 9b showed little or no cytotoxicity after 24 h for all cell lines.
However, after 72 h, compound 9b decreased the viability of all cell lines except SH-SY5Y, similar to compound
9a. At a higher dose (300 µM), C6 cells showed a rapid cytotoxic response to compound 9b when compared
to other cell lines. After 72 h, compound 9b at 300 µM concentration significantly decreased the viability of
all cell lines (Figure 4; Table 2). At the lower dose (50 µM) compound 11a showed little or no cytotoxicity
after 24 h for all cell lines. However, after 72 h, compound 11a decreased the viability of all cell lines except
SH-SY5Y, whose viability even increased, albeit nonsignificantly. At a higher dose (300 µM) SH-SY5Y cells
showed a rapid cytotoxic response to compound 11a when compared to other cell lines. After 72 h, compound
11a at 300 µM concentration significantly decreased the viability of all cell lines (Figure 4; Table 2).

Table 1. In vitro toxicity screening of synthesized compounds 9a, 9b, and 11a against four cancer cell lines and one
normal cell line (given in IC50 values; µM ±SD).

IC50 values of the compounds (µM)
Cell lines 9a 9b 11a

C6
24 h 192 ±2.1 245 ±2.7 278 ±3.1
48 h 122 ±1.2 178 ±1.9 177 ±1.9
72 h 115 ±1.1 169 ±1.8 164 ±1.7

MCF-7
24 h 375 ±4.2 590 ±6.7 363 ±4.1
48 h 183 ±1.9 330 ±3.7 206 ±2.2
72 h 117 ±1.2 187 ±2.0 152 ±1.6

PC3
24 h 280 ±3.1 434 ±4.9 351 ±3.9
48 h 146 ±1.5 237 ±2.6 190 ±2.0
72 h 116 ±1.2 147 ±1.5 145 ±1.5

SH-SY5Y
24 h 173 ±1.8 478 ±5.4 219 ±2.4
48 h 136 ±1.4 160 ±1.7 176 ±1.8
72 h 128 ±1.3 144 ±1.5 157 ±1.6

L929
24 h 295 ±3.3 303 ±3.4 345 ±3.9
48 h 140 ±1.4 143 ±1.5 212 ±2.3
72 h 111 ±1.1 135 ±1.4 127 ±1.3
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Figure 4. Cell viabilities (%) for 9a, 9b, and 11a at 24, 48, and 72 h: a) rat glioblastoma (C6), b) human breast cancer
(MCF-7), c) prostate cancer (PC3), d) neuroblastoma (SH-SY5Y), and e) mouse fibroblast (L929) (P <0.05).
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Acridine orange (AO) and propidium iodide (PI) are nucleic acid binding dyes that can be used to
evaluate cell proliferation and viability. AO is a cell-permeable dye and all stained nucleated cells generate a
green fluorescence, whereas PI only enters cells with compromised membranes and therefore stained necrotic
nucleated cells generate a red fluorescence [31,32]. In order to confirm the in vitro cytotoxicity results obtained
from the MTT assay, AO and PI staining was performed to determine cell viability by using rat glioblastoma
(C6), human breast cancer (MCF-7), prostate cancer (PC3), neuroblastoma (SH-SY5Y), and mouse fibroblast
(L929) cell lines under the same conditions.

Compounds 9a, 9b, and 11a at 50 µM concentration showed little or no cytotoxicity after 24 h for all
cell lines. After 72 h, compound 9a had no significant effect on the viability of all cell lines except PC3. At
300 µM concentration, SH-SY5Y cells showed a rapid cytotoxic response to compound 9a when compared to
other cell lines. After 72 h, compound 9b showed no or little cytotoxicity to all cell lines except MCF-7, which
differs from compound 9a. SH-SY5Y cells showed a rapid cytotoxic response to compound 9b when compared
to other cell lines, similar to compound 9a. After 72 h, compound 11a had no significant effect on the viability
of all cell lines except L929. At the higher concentration (300 µM) C6 cells showed a rapid cytotoxic response
to compound 11a when compared to other cell lines. After 72 h, compounds 9a, 9b, and 11a at 300 µM
concentration significantly decreased the viability of all cell lines (Figures 5 and 6; Table 3).

Apoptosis is mediated by the cascade of aspartate-specific cysteine proteases or caspases. The CellEvent
Caspase-3/7 Green Detection Reagent (Invitrogen) was used to determine viable, apoptotic, and necrotic cells
[33]. After activation of caspase-3 or caspase-7 in apoptotic cells, the membrane-permeable substrate was cleaved
and was able to bind to DNA, and a green fluorescence signal occurred [34].

Caspase activity was determined to distinguish whether apoptosis or necrosis was responsible for PC3
and L929 cell toxicity of compound 9a (Table 4; Figure 7) according to the IC50 values obtained from the MTT
assay. The L929 cell line was chosen as having the lowest IC50 value (111 ±1.1 µM), whereas the PC3 cell line
was chosen as a model cell line that had similar IC50 values with respect to the MCF-7 and C6 cell lines (Table
1). As seen in Table 4, apoptosis increased 2.6-fold and necrotic cells increased 3.9-fold when compound 9a
was administered to prostate cancer cells. In the fibroblast cell line, L929, apoptotic cells increased 12-fold and
necrotic cells increased 2-fold when compound 9a was applied.

Herein, we demonstrated that the new methylene-tethered THQ 9a has higher toxicity than THQ
derivatives 9b and cyclopenta[b ]pyridine 11a. Compounds 9a and 9b have the same skeleton except for
the functional groups. The results indicated that the presence of the ketone moiety on 9a enhanced the activity
of the molecule towards all cells. The IC50 values of our compound (9a) are close to those of Gedawy et al., who
synthesized THQ derivatives and investigated their in vitro anticancer activity against human colon carcinoma
(HCT116) and human breast adenocarcinoma (MCF-7) cell lines. Some of these 2,3,4-trisubstituted-5,6,7,8-
THQs have shown potent anticancer activity against both HCT116 (IC50 values between 61.71 and 75.09 µM)
and MCF-7 (IC50 values >100 µM) cell lines [4]. Hatano et al. studied the tumor-specific cytotoxicity and type
of cell death with THQ derivatives in human oral squamous cells and carcinoma cell lines and their data were
similar to our findings [35].
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Figure 5. Cell viabilities for 9a, 9b, and 11a at 24, 48, and 72 h: a) rat glioblastoma (C6), b) human breast cancer
(MCF-7), prostate cancer (PC3), d) neuroblastoma (SH-SY5Y), and e) mouse fibroblast (L929) as calculated from live
and dead stained cells.

Figure 6. Representative micrographs taken from AO/PI-stained cells treated with 100 µM 9a, 9b, and 11afor 24 h.
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Table 4. Caspase 3/7 activity assay results for PC3 and L929 cells.

Cell viability (%) PC-3 control PC-3 treated with 9a L929 control L929 treated with 9a
Living cells 95.0 81.6 98.6 95.4
Apoptotic cells 0.9 2.4 0.2 2.4
Dead cells 4.1 16.0 1.1 2.2

Figure 7. Caspase 3/7 activity assay results for a) PC3 and b) L929 cells. Lower left quadrants show the percentage of
live cells while lower right quadrants show apoptotic cells. The sum of upper quadrants is the percentage of dead cells.
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Methylene-tethered THQ structures were first synthesized in this work and 9a had the lowest IC50 values
for all cell lines. To answer the question arising from the effect of ring size on activity, we synthesized 11a and
11b, having five-membered rings fused to pyridine. 11a and 9a are structurally very similar and differ only in
side chain size. When we evaluate our data, THQ 9a was more toxic then the cyclopenta[b ]pyridine 11a. Saitoh
et al. previously studied the relationship between structure and cytotoxicity of tetrahydroisoquinoline (TIQ)
derivatives and bulky alkyl group-possessing TIQ structures showed more cytotoxicity against PC12 cells [36].
In another study, Ishihara et al. indicated that the higher toxicity of the TIQ moiety might be attributed to
the molecular size rather than other physicochemical properties [37]. Our results also supported the importance
of the function of molecular size on the cytotoxic behavior of THQs. These findings were consistent with
the literature using different cancer cell lines. Hatano et al. also studied bulky substituents such as a 3,4-
dimethoxybenzoyl group, an ethoxycarbonyl group, and a benzyloxycarbonyl group of TIQ moiety that showed
the highest cytotoxicity and tumor-specificity to human squamous cell carcinoma cell lines (HSC-2, HSC-4) [35].
When cytotoxicity was evaluated in terms of concentration and time, compounds 9a, 9b, and 11a at a low dose
(50 µM) show little to no toxicity at 24 h and become toxic after 72 h. These findings may be attributed to
the stability of moieties of THQ and cyclopenta[b ]pyridine (except for the SH-SY5Y neuroblastoma cell line) in
cell culture media. In fact, at 50 µM, compound 9a allows SH-SY5Y cells to grow slightly faster as evidenced
by viability values higher than 100 in Table 2. For the higher dose (300 µM), after 24 h compounds 9a and
11a showed rapid cytotoxic effects on the SH-SY5Y neuroblastoma cell line and compound 9b on C6 cell line.
After 72 h, at the higher dose (300 µM) compounds 9a, 9b, and 11a were all cytotoxic to all cell lines.

Cytotoxicity was also evaluated by using AO/PI staining in terms of concentration and time, and
compounds 9a, 9b, and 11a at a low dose (50 µM) showed little to no toxicity at 24 h and became toxic
after 72 h only for the PC3 cell line for compound 9a, the MCF-7 cell line for compound 9b, and the L929
cell line for compound 11b. For the higher dose (300 µM), after 24 h, compounds 9a and 9b showed rapid
cytotoxic effects on the SH-SY5Y neuroblastoma cell line and compound 11b on the C6 cell line. After 72 h, at
the higher dose (300 µM), compounds 9a, 9b, and 11a were all cytotoxic to all cell lines. Cytotoxicity values
showed differences, which might be due to the different interaction mechanisms of the MTT and AO/PI assays
on the cells for the evaluation of cytotoxicity. As is well known, the MTT assay is based on the assumption
that MTT tetrazolium salt reduction to formazan occurs in the mitochondria of living cells [38], whereas AO
and PI are nucleic acid-selective stains and interact with DNA and RNA through intercalation or electrostatic
attraction [31,32,39]. According to the Caspase 3/7 Activity Assay, compound 9a induced more apoptosis
of L929 cells than PC3 cells, whereas it induced necrosis of PC3 cells when compared to L929 cells. Both
apoptotic and necrotic pathways were involved in the cell death of the PC3 and L929 cell lines after interaction
with compound 9a [40]. These findings may also be attributed to the stability and reactivity rate of the moieties
of THQ and cyclopenta[b ]pyridine in cell culture media. When all results were evaluated it was concluded that
both methylene-tethered THQ and ketone moiety may have an influence on the cytotoxicity of cell lines in
a concentration- and time-dependent manner. These results revealed that compound 9a has a more suitable
structure to be modified as a potential drug candidate.

Concerning the cell cytotoxicity studies, a swarming motility assay was performed using the gram-negative
bacterium Pseudomonas aeruginosa, as swarming motility is one of three definite modes of motility observed in
P. aeruginosa, characterized as movement across a semisolid surface [41,42]. According to the swarming motility
assay, 1.5 mM 11a showed 63% inhibition of swarming motility of the P. aeruginosa PA01 strain, while 1.5 mM
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9a showed 74% inhibition (Figure 8). When these effects were compared to the control, the effects were found
statistically significant (P <0.01). Compounds 11a and 9a are structurally very similar and differ only in side
chain size; from these findings, we may conclude that even the ring size might affect the swarming motility of
P. aeruginosa. With additional structural modifications and dose-dependent studies compound 9a might be
used as an inhibitor for the development of biofilms [43].

Figure 8. Swarming motility test for 1.5 mM concentration of compounds: a) compound 9a, b) compound 11a.

2.3. Conclusions
In this study, two different main skeletons were designed and synthesized starting from easily available materials
under environmentally friendly conditions. Cytotoxic effects of all target structures were investigated on a panel
of cancer cell lines of different tumors for rat glioblastoma (C6), human breast cancer (MCF-7), prostate cancer
(PC3), neuroblastoma (SH-SY5Y), and mouse fibroblast (L929). Among them, 9a induced the lowest IC50

values in all cell lines. The results indicated that the presence of the ketone moiety on 9a enhanced the activity
of the molecule towards all cells. 11a exhibited lower cytotoxic activity than 9a, and it is structurally very
similar to 9a, differing in the side chain size. SH-SY5Y showed fast cytotoxic response at 24 h to the higher dose
(300 µM) of compounds 9a and 11a, as well as C6 cells for compound 9b, which may lead to the conclusion
that the stability of the 9a, 9b, and 11a in cell culture media may change depending on cell type and time.
Compound 9a might be both involved in apoptotic and necrotic pathways in the cell death of the PC3 and
L929 cell lines according to the Caspase 3/7 Activity Assay. When we take into account the AO/PI results, we
may suggest that 9a triggers more cell death mechanisms (apoptosis or necrosis) in PC3 cancer cells than L929
normal cells. Taking into account their cytotoxic effects on cancer cells, new methylene-tethered THQs and
cyclopenta[b ]pyridines are promising structures but need further structural modifications in order to enhance
and/or change their cytotoxic properties to be considered as chemotherapeutic drugs. A swarming motility
assay was performed with P. aeruginosa and compound 9a showed higher inhibition of swarming motility, so
it might be used as a possible biosurfactant and inhibitor for the formation of biofilms with additional studies.
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3. Experimental

3.1. Materials and methods
All reagents were commercial and purchased from Acros Organics, Sigma-Aldrich, or Merck. 1H NMR (400
MHz) and 13C NMR (100 MHz) data were recorded on a Bruker DPX-400-ultra shield FT-NMR spectrometer
in CDCl3 with chemical shifts given in ppm relative to TMS as an internal standard. Melting points were
determined with a Gallenkamp electrothermal digital melting point apparatus and are uncorrected. HRMS
spectra were recorded on an Agilent (1200/6210) TOF LC/MS spectrometer. Reactions were monitored by
TLC using precoated silica gel alumina plates (Kieselgel 60, F254, Merck) and visualized by UV lamp. Flash
column chromatography was performed using silica gel (0.05–0.63 nm, 230–400 mesh ASTM, Merck).

3.1.1. Synthesis of Mannich base 7

2,6-Bis(morpholinomethyl)cyclohexanonedihydrochloride (7) was obtained from the reaction of cyclohexanone,
paraformaldehyde, and morpholine hydrochloride according to the literature [1]. Pale yellow solid; yield: 57%;
mp 163–164 °C. All spectral and physical data were in agreement with the published data.

3.1.2. Synthesis of Mannich base 10

2,5-Bis(morpholinomethyl)cyclopentanonedihydrochloride (10) was synthesized from the reaction of cyclopen-
tanone, paraformaldehyde, and morpholine hydrochloride according to the literature [1]. White crystals; yield:
69%; mp 202–203 °C. All spectral and physical data were in agreement with the published data.

3.2. General procedure for synthesis of 9a and 9b

To a mixture of 2,6-bis(morpholinomethyl)cyclohexanonedihydrochloride (7) (0.20 g, 0.54 mmol), active methy-
lene 8a or 8b (0.36 mmol), and ammonium acetate (0.16 g, 2.16 mmol) in 3 mL of water was added K-10
montmorillonite clay (0.36 g) and the mixture was heated at 80 °C for 1 h. After completion of the reaction
(monitored by TLC), the reaction mixture was cooled to room temperature and 20 mL of water was added. The
product was extracted with EtOAc (2 ×5 mL) and dried (MgSO4) . The solvent was removed under reduced
pressure, and the residue was purified by flash column chromatography (silica gel, EtOAc/hexane, 1:6).

3.2.1. 1-(2-Methyl-8-methylene-5,6,7,8-tetrahydroquinolin-3-yl)ethanone (9a)

Pale yellow solid; yield: 64%; mp 64–65 °C; Rf = (0.6, EtOAc/hexane, 1:6); 1H NMR (400 MHz, CDCl3)δ :
7.69 (s, 1H), 6.37 (s, 1H), 5.20 (bs, 1H), 2.84 (t, J = 6.1 Hz, 2H), 2.72 (s, 3H), 2.65 (t, J = 6.1 Hz, 2H), 2.56
(s, 3H), 1.88 (p, J = 6.1 Hz, 2H); 13C NMR (100 MHz, CDCl3)δ : 200.0, 155.7, 153.5, 141.8, 138.3, 131.1,
129.0, 114.9, 32.2, 29.4, 29.2, 25.0, 22.8; ESI-HRMS (m/z): calcd. for C13H16NO [M+H]+ : 202.1232; found:
202.1230.

3.2.2. Ethyl 2-methyl-8-methylene-5,6,7,8-tetrahydroquinoline-3-carboxylate (9b)

White crystals; yield: 52%; mp 41–42 °C; Rf = (0.7, EtOAc/hexane, 1:3); 1H NMR (400 MHz, CDCl3)δ : 7.91
(s, 1H), 6.36 (s, 1H), 5.19 (bs, 1H), 4.35 (q, J = 7.1 Hz, 2H), 2.82 (t, J = 6.1 Hz, 2H), 2.78 (s, 3H), 2.65 (t,
J = 6.1 Hz, 3H), 1.86 (p, J = 6.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)δ : 166.7,
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157.0, 153.8, 142.1, 139.5, 129.1, 123.9, 114.7, 61.0, 32.2, 29.3, 25.0, 22.8, 14.3; ESI-HRMS (m/z): calcd. for
C14H18NO2 [M+H]+ : 232.1338; found: 232.1345.

3.3. General procedure for synthesis of 11a, 11b, and 12

To a mixture of 2,5-bis(morpholinomethyl)cyclopentanonedihydrochloride (10) (0.20 g, 0.56 mmol), active
methylene 8a or 8b (0.37 mmol), and ammonium acetate (0.17 g, 2.22 mmol) in 3 mL of water was added
K-10 montmorillonite clay (0.37 g), and the mixture was heated at 80 °C for 1 h. After completion of the
reaction (monitored by TLC), the reaction mixture was cooled to room temperature and 20 mL of water was
added. The product was extracted with EtOAc (2 ×5 mL) and dried (MgSO4) . The solvent was removed under
reduced pressure, and the residue was purified by flash column chromatography (silica gel, EtOAc/hexane, 1:6).

3.3.1. 1-(2-Methyl-7-methylene-6,7-dihydro-5H-cyclopenta[b]pyridin-3-yl)ethanone (11a)

Pale yellow solid; yield: 62%; mp 90–92 °C; Rf = (0.7, EtOAc/hexane, 1:3); 1H NMR (400 MHz, CDCl3)δ :
7.77 (s, 1H), 6.00 (bs, 1H), 5.18 (s, 1H), 2.93–2.89 (m, 2H), 2.84–2.80 (m, 2H), 2.68 (s, 3H), 2.51 (s, 3H);
13C NMR (100 MHz, CDCl3)δ : 200.4, 161.1, 157.7, 148.0, 136.7, 134.1, 131.7, 108.7, 29.5, 29.1, 27.1, 25.1;
ESI-HRMS (m/z): calcd. for C12H14NO [M+H]+ : 188.1075; found: 188.1084.

3.3.2. Ethyl 2-methyl-7-methylene-6,7-dihydro-5H-cyclopenta[b]pyridine-3-carboxylate (11b)

White crystal; yield: 50%; mp 58–59 °C; Rf = (0.6, EtOAc/hexane, 1:6); 1H NMR (400 MHz, CDCl3)δ : 8.07
(s, 1H), 6.08 (bs, 1H), 5.25 (s, 1H), 4.37 (q, J = 7.1 Hz, 2H), 2.95–2.90 (m, 2H), 2.90–2.85 (m, 2H), 2.83 (s, 3H),
1.40 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)δ : 166.9, 161.5, 159.1, 148.1, 136.7, 135.5, 124.3, 108.6,
61.1, 29.1, 27.0, 25.0, 14.3; ESI-HRMS (m/z): calcd. for C13H16NO2 [M+H]+ : 218.1181; found: 218.1176.

3.3.3. 1-(2,7-Dimethyl-6,7-dihydro-5H-cyclopenta[b]pyridin-3-yl)ethanone (12)

Yellow crystals; yield: 13%; mp 48–50 °C; Rf = (0.46, EtOAc/hexane, 1:3); 1H NMR (400 MHz, CDCl3)δ :
7.69 (s, 1H), 3.16–3.07 (m, 1H), 2.85–2.75 (m, 2H), 2.64 (s, 3H), 2.48 (s, 3H), 2.36–2.27 (m, 1H), 1.67–1.58 (m,
1H), 1.25 (d, J = 7.0, 3H); 13C NMR (100 MHz, CDCl3)δ :200.8, 171.0, 156.6, 133.6, 132.8, 130.6, 40.3, 32.4,
29.4, 28.4, 24.7, 18.7; ESI-HRMS (m/z): calcd. for C12H16NO [M+H]+ : 190.1232; found: 190.1240.

3.4. In vitro cytotoxicity assay

Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL
streptomycin was used to culture cells in a 5% CO2 environment at 37 °C. Cells were seeded in 96-well plates
(1 ×104 cells/well) 24 h prior to application of different 9a, 9b, and 11a concentrations. After treatment with
compounds 9a, 9b, and 11a at concentrations 50, 100, and 300 µM, plates were incubated for 24, 48, and 72
h at 37 °C. Compounds 9a, 9b, and 11a were dissolved in pure dimethyl sulfoxide (DMSO) to prepare stock
solutions and diluted in complete growth medium to appropriate concentrations while keeping the final DMSO
concentration below 1%. Stock solutions were stored at –20 °C.

Cytotoxicity of compounds 9a, 9b, and 11a was determined with a commonly used procedure based
on mitochondrial reductase activity of viable cells using MTT. Cells treated with compounds 9a, 9b, and
11a were incubated in MTT reagent-containing medium for 3 h and water-insoluble dark blue formazan
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crystals were solubilized in DMSO. The optical density of the dissolved material was measured at 570 nm
(reference wavelength: 750 nm) using an automated microplate reader (Bio-Rad iMark). The mean IC50 is
the concentration of compounds 9a, 9b, and 11a that reduces cell viability by 50% under the experimental
conditions and is the average of at least two independent, reproducible, and statistically significant measurements
[44].

3.5. AO/PI staining

Each cell line was seeded in 48-well plates with a cell density of 104 cells/well. Drugs were applied at 50, 100,
and 300 mM concentrations for 24-h, 48-h, and 72-h intervals. AO (5 mg/mL) and PI (3 mg/mL) stock solutions
were prepared in ethanol and were diluted into PBS (1 µL/mL) prior to staining. At selected time points, cells
were rinsed with PBS and 100 µL of staining solution was added to each well. Staining solutions were aspirated
from wells after 1 min and cells were rinsed twice with PBS. Viable and nonviable cells were counted from 10
different areas for each experimental group using fluorescence microscopy [31,32].

3.6. Caspase 3/7 activity assay

PC3 and L929 cells were seeded into 6-well plates with a density of 1 million cells/well, and 24 h later, 9a was
administered at the IC50 values. After 72 h, growth media were aspirated from each well and kept aside. Cells
were detached with 0.25% trypsin/EDTA solution and combined with their supernatants. Suspensions were
centrifuged at 1000 rpm for 5 min and pellets were resuspended in 1 mL of growth medium. The CellEvent
Caspase 3/7 Detection Kit was used to detect apoptosis. Caspase 3/7 detection reagent (1 µL) was added to
each sample and incubated for 60 min at room temperature. Sytox AADvanced Dead Cell Stain Solution (1 µL)
was added to each sample 5 min before the end of the incubation period. Measurements were taken with FL1
and FL3 lines of the flow cytometer (Accuri BD C6). At least 20,000 events were detected for each experimental
group [34].

3.7. Swarming motility assay

Pseudomonas aeruginosa strain PAO1 was used for the evaluation of the swarming motility assay. For the assay,
100 µL of 1.5 mM 9a and 11a was added to 20 mL of medium, which contained 8 g/L nutrient broth, 5.0 g/L
Bacto agar, and 0.5% glucose. After pouring the swarm medium, 5 µL each supernatant of the bacteria cultures
was added to the middle of the medium. Plates were air-dried for about 15 min at room temperature and all
plates were incubated overnight at 37 °C. The ability to swarm was assessed by the distance of swarming from
the central inoculation site. Data were compared to PA01, which has ability to swarm [41,42].

3.8. Statistical analysis

Cytotoxicity results were expressed as mean ±SD. The data were analyzed using one-way ANOVA and signif-
icance was assigned at P <0.05. IC50 values of substances were calculated by nonlinear regression analysis by
homemade software, Helper of Cell Culture Lab.v.1 [44].
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